In situ gasification chemical looping combustion (iG-CLC) is a novel and promising coal combustion technology with inherent separation of CO 2 . Our previous studies demonstrated the feasibility of performing iG-CLC with a high-flux circulating fluidized bed (HFCFB) riser as the fuel reactor (FR) and a counter-flow moving bed (CFMB) as the air reactor (AR). As an extension of that work, this study aims to further investigate the fundamental effects of the AR coupling on the oxygen carrier (OC) circulation and gas leakages with a cold-state experimental device of the proposed iG-CLC system. The system exhibited favorable pressure distribution characteristics and good adaptability of solid circulation flux, demonstrating the positive role of the direct coupling method of the AR in the stabilization and controllability of the whole system. The OC circulation and the gas leakages were mainly determined by the upper and lower pressure gradients of the AR. With the increase in the upper pressure gradient, the OC circulation flux increased initially and later decreased until the circulation collapsed. Besides, the upper pressure gradient exhibited a positive effect on the restraint of gas leakage from the FR to the AR, but a negative effect on the suppression of gas leakage from the AR to the FR. Moreover, the gas leakage of the J-valve to the AR, which is directly related to the solid circulation stability, was exacerbated with the increase of the lower pressure gradient of the AR. In real iG-CLC applications, the pressure gradients should be adjusted flexibly and optimally to guarantee a balanced OC circulation together with an ideal balance of all the gas leakages.
Introduction
Chemical looping combustion (CLC), which possesses an inherent feature of isolating CO 2 during the combustion process, has been regarded as a promising novel combustion technology with a low energy penalty for carbon capture [1, 2] . A conventional CLC system is mainly comprised of a fuel reactor (FR) and an air reactor (AR). The fuel introduced into the FR is oxidized to CO 2 and H 2 O by a solid oxygen carrier (OC). The reduced OC particles are then transferred to the AR where they are re-oxidized upon contact with air. Compared to conventional combustion methods, the fuel will no longer mix with N 2 in a CLC process, by means of the circulation of OC between the two reactors. Therefore, the flue gas leaving the FR will only contain CO 2 and H 2 O with a complete conversion of the fuel, which enables efficient and energy-saving CO 2 capture via the condensation of H 2 O [3, 4] .
Up to now, some experimental studies on iG-CLC systems have been carried out with various reactor designs [16, 18, [22] [23] [24] [25] [26] [27] [28] . An iG-CLC configuration with a bubbling fluidized bed (BFB) as the FR and a circulating fluidized bed (CFB) as the AR was first proposed by Berguerand and Lyngfelt [16] from Chalmers University of Technology (10 kW th ), in view of the advantages of sufficient solid residence time in the BFB and favorable gas-solid contact in the CFB. Still, with CFBs as the ARs, some other FR designs have also been put forward. Shen et al. [18] from Southeast University adopted a spout-fluid bed (SFB) instead of the BFB as the FR (10 kW th ), in which the strong solid mixing enhanced the gas-solid contact and reaction efficiencies. Thon et al. [22] from Hamburg University of Technology designed a two-stage BFB as the FR (25 kW th ) for the purpose of enhancing the conversion of combustible gases. Bayham et al. [23] from Ohio State University utilized a counter-current moving bed as the FR (25 kW th ) with OC particles flowing downwards and gases flowing upwards, showing high competitiveness in the combustion performance and CO 2 purity. Adánez et al. [24] from CSIC proposed a CFB as the FR (20 kW th ) in order to achieve intense gas-solid contact and reaction. This kind of dual circulating fluidized bed (DCFB) design (i.e., both the FR and AR are CFBs) can also be found in the units by Markström et al. [25] from Chalmers University of Technology (100 kW th ), Ma et al. [26] from Huazhong University of Science and Technology (5 kW th ), and Ströhle et al. [27] from Technische Universität Darmstadt (1 MW th ). In addition, some other units with different design concepts have also been constructed and operated. Xiao et al. [28] from Southeast University developed a 50 kW th iG-CLC unit where the AR and FR were designed as a BFB and a CFB, respectively. Pressurized conditions were achieved in their work, demonstrating the positive role of high-pressure operation in carbon conversion, CO 2 capture concentration, and combustion efficiency.
In our previous studies, we also proposed an iG-CLC system based on the high-flux circulating fluidized bed (HFCFB) technology [29] [30] [31] [32] . Specifically, an HFCFB riser was designed as the FR because it can provide not only a favorable gas-solid contact but also sufficient solid holdups over the whole reactor height, which should be very beneficial to the interphase reaction efficiency. Specifically, compared to the common CFB FRs [24] [25] [26] [27] , the higher OC inventory in this HFCFB FR can potentially compensate for the low reactivity of OC to a certain degree, and hence this high-flux iG-CLC system will have a large advantage on the operation cost by virtue of the use of low-grade natural iron ores with a lower reactivity as the OCs. Certainly, the high-flux operation will inevitably lead to a higher pressure drop. Therefore, greater energy consumption is required to compensate for the pressure loss. However, compared to the cost reduction from the use of cheap OCs, the slight increase in energy consumption should be acceptable. A counter-flow moving bed (CFMB), in view of its advantages of steady solid flow, low pressure drop, and compact structure, was employed as the AR. Besides, it can be simply placed in the middle of the HFCFB downcomer to enhance the simplicity and stabilization of the whole system. Moreover, an inertial separator-based carbon stripper was specially designed to separate the reduced OC from the FR to the AR for reoxidation, and recirculate the unconverted char for further conversion.
Based on the design concept of this high-flux iG-CLC system, we successively built and tested a cold visualization experimental device operating at the ambient temperature [30, 31] and a hot pilot-scale 20 kW th unit operating at the high-temperature conditions between 800-1000 • C [32] . After a series of tests, the steady operation with favorable gas-solid flow and reaction performance of the whole system could be realized under certain conditions, preliminarily verifying the feasibility of this design. With the deepening of the research, we have found that, compared to most iG-CLC systems with indirect serial structures of the two reactors [16, [24] [25] [26] [27] [28] , the direct coupling of the CFMB AR into the downcomer of the HFCFB FR in our system indeed contributes to the stabilization and controllability of the whole system. However, this coupling method of the AR also inevitably brings about greater challenges on the control of gas leakages between the two reactors, which will, in turn, affect the matching principle of reactors, such as the OC circulation characteristics.
The aim of this study is to investigate the fundamental effects of the AR coupling on the system operation stability and gas leakages. The pressure distribution characteristics of the whole system and the adaptability of solid circulation flux were first investigated with the cold-state visualization device for the proposed iG-CLC system. The effects of the upper and lower pressure gradients of the AR on the OC circulation and the gas leakages were further established. Moreover, by giving consideration to the AR coupling effects under various operational conditions, one optimal operating condition was recommended to demonstrate the adjustment feasibility for balanced solids circulation with low gas leakages during the iG-CLC process. Figure 2 gives a schematic representation of the experimental device for the proposed iG-CLC system under cold conditions. Here, only a brief description of the experimental setup is provided. A more detailed description can be found in our initial studies of this system [31] .
Materials and Methods

Experimental Device
Main Assembly
The main assembly predominantly consists of a FR (5), a carbon stripper (6), a downcomer (7), an AR (8), a J-valve (11) , and a bag filter (12) .
The FR (5) is an HFCFB riser with a height of 5.8 m and an inner diameter of 60 mm. The AR (8) is a CFMB, mainly consisting of a gas inlet (10), a gas outlet (9), a cylindrical channel (0.418 m inner diameter × 0.5 m height), and a cone channel (0.2 m height). The carbon stripper (6) is an inertial separator. For the purpose of visualization, some sections of the FR, the AR, and the downcomer are made of plexiglas. Figure 2 . Schematic of the visualization experimental device of the iG-CLC system. 1-computer, 2-A/D converter, 3-differential pressure transducer, 4-riser gas chamber, 5-fuel reactor (FR), 6-carbon stripper, 7-downcomer, 8-air reactor (AR), 9-AR gas outlet, 10-AR gas inlet, 11-J-valve, 12-bag filter, 13-filter, 14-gas analyzer, 15-digital camera, 16-rotameter, 17-FR gas chamber, 18-AR gas chamber, 19-90 kW air compressor, 20-18 kW air compressor, 21-tracer gas. P-pressure gauge, Q-gas flow.
Gas Supply System
The air stream from a 90 kW air compressor (Nanjing Compressor Co. Ltd., Nanjing, China) (19) was introduced into the FR to circulate the OC particles. Another air stream from an 18 kW air compressor (Guangzhou Panyu JOYO Air Compressor Factory, Guangzhou, China) (20) was fed into the AR through a tube distributor.
A high-purity carbon monoxide (99.99%) stream was used as the tracer gas (21) which would be fed into the FR, the AR, and the J-valve in turn during the testing stages.
Data Acquisition System
Gas flow rates in the FR, AR, and J-valve were controlled and measured by calibrated rotameters (16) .
The pressures of monitoring nodes were measured by pressure manometers and a multi-channel differential pressure transducer (3) . During the experiments, the pressures of the two reactors could be adjusted by back-pressure regulators.
The tracer gas concentrations at the outlets of the two reactors were measured by a gas analyzer (MRU, Neckarsulm, Germany) (14) . Schematic of the visualization experimental device of the iG-CLC system. 1-computer, 2-A/D converter, 3-differential pressure transducer, 4-riser gas chamber, 5-fuel reactor (FR), 6-carbon stripper, 7-downcomer, 8-air reactor (AR), 9-AR gas outlet, 10-AR gas inlet, 11-J-valve, 12-bag filter, 13-filter, 14-gas analyzer, 15-digital camera, 16-rotameter, 17-FR gas chamber, 18-AR gas chamber, 19-90 kW air compressor, 20-18 kW air compressor, 21-tracer gas. P-pressure gauge, Q-gas flow.
Gas Supply System
Data Acquisition System
The tracer gas concentrations at the outlets of the two reactors were measured by a gas analyzer (MRU, Neckarsulm, Germany) (14) .
A digital camera (15) was used to photograph the flow regimes and capture some special flow phenomena through the visualization sections during the experiments.
Material
The OC used in this study was a natural iron ore from Harbin, China. Prior to the experiments, the OC particles were crushed and sieved to a mean diameter of 0.43 mm. More details on this OC material can be found in Table 1 . 
Experimental Procedures
The particles of the OC were first packed in the downcomer. Then, the gas stream from the 90 kW air compressor was introduced into the FR from the J-valve and FR distributor to drive the OC particles for circulation. After the particle circulation became balanced, another gas stream from the 18 kW air compressor was introduced into the AR and coupled into the original circulation system. As the system rebounded to a steady state, the effects of operating parameters began to be tested with the real-time monitoring of the system flow state, by means of pressure tracking, time sampling, gas tracer, and so on. A detailed explanation of the data processing can be found in Section 2.4.
Data Evaluation
Gas Flow Rates
The gas flow rates in this study were all normalized to the standard state with the subscript sta. According to the conservation of mass, the total gas flow rate of the system can be calculated as [31] 
where Q in,sta and Q out,sta represent the total inlet air flow rate and the total outlet air flow rate of the system, respectively. Q 1,sta , Q 2,sta , Q 3,sta , and Q 4,sta are the inlet air flow rate of the FR distributor, the fluidizing air flow rate of the J-valve, the aeration air flow rate of the J-valve, and the inlet air flow rate of the AR, respectively. Q a,sta and Q b,sta are the outlet air flow rates of the FR and the AR, respectively. All the inlet/outlet gas flow rates mentioned above were measured by calibrated rotameters except Q a,sta which can be deduced from Equation (1) .
The FR superficial gas velocity can be calculated as:
where A f is the sectional area of the FR. Q f,sta represents the total inlet air flow rate of the FR, which can be estimated as:
where f 3 represents the J-valve leakage ratio, and a detailed explanation of this parameter can be found in Section 2.4.3.
Solid Circulation Flux
The solid circulation flux can be estimated as:
where ρ b , u s , and A d represent the bulk density of the OC, the downward flow velocity of the OC particles in the upper dipleg, and the sectional area of the upper downcomer, respectively. ∆H is a scale height in the upper dipleg for the measurement of solid circulation flux, and t is the measured duration of the traced OC particles passing through the scale height.
Gas Leakage Ratios
The distribution of the FR exhaust gas can be measured through the use of tracer gas 1. f 1 , named as FR leakage ratio, represents the gas leakage ratio of the FR into the AR [31] .
where x a,CO , and x b,CO are the concentrations of tracer gas 1 measured at the outlets of the separator and the AR, respectively. Similarly, the distribution of the exhaust gas from the AR inlet can be investigated by using tracer gas 2. f 2 , named as the AR leakage ratio, represents the gas leakage ratio of the AR into the FR [31] .
where x a,CO and x b,CO are the concentrations of tracer gas 2 measured at the outlets of the separator and the AR, respectively. Moreover, the distribution of the J-valve aeration air can be measured by the use of tracer gas 3. f 3 , the so-called J-valve leakage ratio, represents the gas leakage ratio of the aeration air into the AR.
where x a,CO and x b,CO are the concentrations of tracer gas 3 measured at the outlets of the separator and the AR, respectively.
Pressure Gradients
The upper pressure gradient (∆P 1 /H 1 ) represents the pressure gradient between the AR and the separator.
where P b and P c are the pressures of the AR outlet and inlet, respectively. P i represents the pressure at the top position of the upper dipleg of the AR, i.e., the pressure at the interface of the dense phase and dilute phase of the upper downcomer. As the pressure loss is very small in the dilute phase region of the upper downcomer, the value of P i can be approximated by the pressure at the underside of the separator (i.e., P 11 ). H 1 is the solid-seal height of the upper dipleg of the AR. The lower pressure gradient (∆P 2 /H 2 ) represents the pressure gradient between the J-valve and AR.
where P d is the pressure at the bottom position of the lower dipleg of the AR, and P 12 the pressure at the top position of the lower dipleg. H 2 , named as the solid-seal height of the lower dipleg, is represented by the height difference between the pressure monitoring nodes P 12 and P d .
Results and Discussion
As shown in Table 2 , experiments were carried out with wide ranges of operating conditions (e.g., solid mass flux, superficial gas velocity, and pressure gradients) in order to present the primary flow behaviors of the proposed iG-CLC system. Thereinto, the operating condition of G s = 310 kg/m 2 ·s, U f,sta = 10.7 m/s, Q 4,sta = 48 m 3 /h is defined as the reference condition which realized a balanced operation but involved relatively obvious gas leakage features to facilitate the observation and analysis. 
Pressure Balance and Solid Circulation of the iG-CLC System
An appropriate pressure balance is vital to the balanced gas flow and solid circulation in an iG-CLC system; therefore, 19 pressure measuring nodes were mounted on the main assembly, the labels can be seen in Figure 2 . Figure 3 shows the pressure profile of the system under the reference condition. It can be found that the sum of the pressure drop within a solid circulation loop was zero. This indicates the whole system was self-stabilizing and hence a small perturbation would not break the balance of solid circulation. The pressure drop along the height of the FR was conspicuous with the total pressure difference between P 1 at the bottom and P 10 at the top reaching up to 12.8 kPa. In contrast, the pressure drop of the AR (i.e., P c −P b ) was only about 1.5 kPa with a CFMB structure.
Due to the coupling of the AR in the middle of the downcomer, the dipleg of the downcomer was divided into two parts, the upper dipleg and the lower dipleg of the AR. Here, we adopted H 1 , see Figure 2 , as the solid-seal height of the upper dipleg and H 2 , see Figure 2 , as the solid-seal height of the lower dipleg. As shown in Figure 3 , the pressures of the two diplegs both linearly increased from top to bottom, indicating that the solid flow structures in the two diplegs under the reference condition both belonged to the negative pressure differential flow. Moreover, the existence of the AR made the pressure distributions of the two diplegs relatively independent of each other. To be specific, the pressure distribution along the upper dipleg was mainly determined by the outlet pressures of the AR and FR, and the solid-seal height of the upper dipleg (i.e., H 1 ), while the pressure distribution along the lower dipleg was determined by the pressures of the AR and the J-valve together with the solid-seal height of the lower dipleg (i.e., H 2 ). The solid circulation rate is significant to the performance of an iG-CLC system, which determines the carrying capacity of oxygen and heat transferred by the OC from the AR to the FR. Figure 4 shows the distributions of the solid circulation flux Gs corresponding to the FR superficial gas velocity Uf,sta. It can be seen that a wide range of Gs from 170 to 480 kg/m 2 ·s had been achieved, indicating a good adaptability of this iG-CLC system on the OC circulation flux. This also demonstrates the positive role of the direct coupling method of the AR in the stabilization and controllability of the whole system. Thus, in the hot operation process, this iG-CLC system can achieve the feasible adjustment of oxygen and heat transfer according to actual situations. In particular, the capacity of high solid circulation flux (Gs ≥ 200 kg/m 2 ·s) can greatly increase the OC inventory in the FR, and thus compensate for the possible low reactivity of the OC. Therefore, this iG-CLC system also provides the feasibility of the use of low-grade natural iron ores with lower reactivity than the OCs. 
Effect of the AR Coupling on the Solid Circulation
The direct coupling of the CFMB AR into the HFCFB system will inevitably affect the gas-solid flow behaviors of the system. In our previous work, we indeed notice that the OC circulation seemed 
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The direct coupling of the CFMB AR into the HFCFB system will inevitably affect the gas-solid flow behaviors of the system. In our previous work, we indeed notice that the OC circulation seemed to be affected during the adjustment process of the AR back pressure [31] . Therefore, it is significant to understand the fundamental effects of the AR coupling on the flux and further the stability of OC circulation. Figure 5 shows the pressure profiles of the parallel AR tube distributors under the reference condition. It can be seen that the inlet pressures of the five distributors were basically the same, demonstrating the realizability of even flow and distribution of gas-solid phases in the AR under certain conditions. In this context, a series of tests were carried out to investigate the fundamental effects of the AR coupling on the OC circulation flux and the system stability. We found that the OC circulation was actually determined by more factors that had interactions with each other (e.g., the pressures of the two reactors and the J-valve, the solid-seal heights above and under the AR), not just the AR back pressure. Here, we proposed a combined influence factor, the so-called upper pressure gradient ΔP1/H1, which integrated the pressures of the two reactors and the solid-seal height of the upper dipleg, and hence should be able to more reasonably reflect the characteristics of OC circulation. Figure 6a shows the variations of the solid circulation flux with the upper pressure gradient ΔP1/H1 while keeping all other parameters constant. It can be seen that the whole process could be divided into three sequential stages. In the first stage (−3.3 kPa/m ≤ ΔP1/H1 ≤ 8.90 kPa/m), the solid circulation flux had a linear increase from 215 to 260 kg/m 2 ·s with the increase of ΔP1/H1, which was defined as the stage of circulation strengthening. In the second stage (8.9 kPa/m < ΔP1/H1 < 10.7 kPa/m), the so-called transition stage, the solid circulation flux began to decrease. In the third stage (ΔP1/H1 ≥ 10.7 kPa/m), the solid circulation flux would drastically decline until the circulation collapsed completely, which was defined as the stage of circulation collapse.
The above results indicated that, with the increase in the upper pressure gradient ΔP1/H1, the solid circulation flux would increase initially and later decrease until the circulation collapsed. First, in the stage of circulation strengthening, the material seal of the upper dipleg could overcome most of the gas leakage from the AR to the separator in spite of the increase of the upper pressure gradient. Better still, the increasing upper pressure gradient due to the increase of the AR back pressure also gave rise to the decrease of the lower pressure gradient ΔP2/H2, and further, the decline of the aeration air leakage ratio from the J-valve to the AR (i.e., f3), which indirectly enhanced the driving force of the J-valve aeration air for the OC circulation, and hence led to the increase of solid circulation flux. Then, starting from the transition stage, the material seal of the upper dipleg would be gradually destroyed by the increasing upper pressure gradient with the creation of large bubbles in the upper dipleg, as shown in Figure 6b (the bubbles were circled in red). The retrograde motion of the bubbles in the upper dipleg greatly blocked the downward flow of the OC, which was the reason the solid circulation of the whole system was broken. Worse still, the appearance of bubbles also meant the massive leakage of N2 from the AR into the separator, and hence the great reduction in the CO2 Figure 5 shows the pressure profiles of the parallel AR tube distributors under the reference condition. It can be seen that the inlet pressures of the five distributors were basically the same, demonstrating the realizability of even flow and distribution of gas-solid phases in the AR under certain conditions. In this context, a series of tests were carried out to investigate the fundamental effects of the AR coupling on the OC circulation flux and the system stability. We found that the OC circulation was actually determined by more factors that had interactions with each other (e.g., the pressures of the two reactors and the J-valve, the solid-seal heights above and under the AR), not just the AR back pressure. Here, we proposed a combined influence factor, the so-called upper pressure gradient ∆P 1 /H 1 , which integrated the pressures of the two reactors and the solid-seal height of the upper dipleg, and hence should be able to more reasonably reflect the characteristics of OC circulation. Figure 6a shows the variations of the solid circulation flux with the upper pressure gradient ∆P 1 /H 1 while keeping all other parameters constant. It can be seen that the whole process could be divided into three sequential stages. In the first stage (−3.3 kPa/m ≤ ∆P 1 /H 1 ≤ 8.9 kPa/m), the solid circulation flux had a linear increase from 215 to 260 kg/m 2 ·s with the increase of ∆P 1 /H 1 , which was defined as the stage of circulation strengthening. In the second stage (8.9 kPa/m < ∆P 1 /H 1 < 10.7 kPa/m), the so-called transition stage, the solid circulation flux began to decrease. In the third stage (∆P 1 /H 1 ≥ 10.7 kPa/m), the solid circulation flux would drastically decline until the circulation collapsed completely, which was defined as the stage of circulation collapse.
The above results indicated that, with the increase in the upper pressure gradient ∆P 1 /H 1 , the solid circulation flux would increase initially and later decrease until the circulation collapsed. First, in the stage of circulation strengthening, the material seal of the upper dipleg could overcome most of the gas leakage from the AR to the separator in spite of the increase of the upper pressure gradient. Better still, the increasing upper pressure gradient due to the increase of the AR back pressure also gave rise to the decrease of the lower pressure gradient ∆P 2 /H 2 , and further, the decline of the aeration air leakage ratio from the J-valve to the AR (i.e., f 3 ), which indirectly enhanced the driving force of the J-valve aeration air for the OC circulation, and hence led to the increase of solid circulation flux. Then, starting from the transition stage, the material seal of the upper dipleg would be gradually destroyed by the increasing upper pressure gradient with the creation of large bubbles in the upper dipleg, as shown in Figure 6b (the bubbles were circled in red). The retrograde motion of the bubbles in the upper dipleg greatly blocked the downward flow of the OC, which was the reason the solid circulation of the whole system was broken. Worse still, the appearance of bubbles also meant the massive leakage of N 2 from the AR into the separator, and hence the great reduction in the CO 2 concentration. Given the above, under the operational conditions shown in Figure 6a , the upper pressure gradient ∆P 1 /H 1 should be limited to 8.9 kPa/m (i.e., within the stage of circulation strengthening), where the OC circulation was balanced and adjustable. concentration. Given the above, under the operational conditions shown in Figure 6a , the upper pressure gradient ΔP1/H1 should be limited to 8.9 kPa/m (i.e., within the stage of circulation strengthening), where the OC circulation was balanced and adjustable. 
Effect of the AR Coupling on the Gas Leakages
The gas leakages between reactors are one of the key factors affecting the performance of an iG-CLC system, such as the CO2 capture efficiency, the CO2 capture concentration, and even the solid circulation flux. As shown in Figure 7 , there are three possible routes of gas leakages in our iG-CLC system: From FR to AR (i.e., FR leakage ratio f1), from AR to FR (i.e., AR leakage ratio f2), and from Jvalve to AR (i.e., J-valve leakage ratio f3). It can be found that the AR is the critical component associated with each leakage route. Hence, it is very meaningful to understand the influence mechanism of the AR coupling on the gas leakages in order to discover feasible solutions.
After a series of tests, the gas leakages were also found to be determined by the pressure gradients of the AR, which integrated the effects of the pressures of the two reactors and the J-valve, and the solid-seal heights of the upper and lower diplegs. Figure 8 shows the variations of the FR leakage ratio f1 and the AR leakage ratio f2 with the upper pressure gradient ΔP1/H1 under a high solid flux condition (Gs = 200 kg/m 2 ·s). It can be seen that the FR leakage ratio f1 could be effectively reduced with an increase in the upper pressure gradient ΔP1/H1. When ΔP1/H1 exceeded 0.7 kPa/m, the value of f1 would decline to about zero, indicating the gas leakage from the FR to the AR had almost disappeared. However, we also observed a contrary trend of the AR leakage ratio f2 with the upper pressure gradient ΔP1/H1. First, f2 was kept near zero when ΔP1/H1 increased from −2.2 to 1.6 kPa/m, indicating the upper dipleg could seal the AR gas stream perfectly within this range of ΔP1/H1. When ΔP1/H1 exceeded 1.6 kPa/m, f2 would rise rapidly, indicating the material seal in the upper dipleg began to gradually lose its effectiveness.
In the commercial application, if the FR leakage ratio f1 is excessive, the CO2 capture efficiency will be greatly reduced. Moreover, more unreacted char will be carried by the leaked gas of the FR into the AR for combustion, which will increase the risk of OC sintering, and further influence the operation stability of the whole system. On the other hand, if the AR leakage ratio f2 becomes too large, a large amount of N2 from the AR will bypass into the separator and mix with the FR exhaust gas, resulting in a substantial decrease in the CO2 concentration. Worse still, the gas leakage may also impede the downward flow of the solid in the upper dipleg and break the system circulation stability, as mentioned in Section 3.2. Therefore, both the FR leakage ratio f1 and the AR leakage ratio f2 must be limited to lower values. However, in view of the opposite effects of the upper pressure gradient ΔP1/H1 on f1 and f2, a coordination control and optimized matching is inevitable. Under the involved operation conditions, the range of ΔP1/H1 between −2.1 to 3.0 kPa/m should be an optimal region for 
The gas leakages between reactors are one of the key factors affecting the performance of an iG-CLC system, such as the CO 2 capture efficiency, the CO 2 capture concentration, and even the solid circulation flux. As shown in Figure 7 , there are three possible routes of gas leakages in our iG-CLC system: From FR to AR (i.e., FR leakage ratio f 1 ), from AR to FR (i.e., AR leakage ratio f 2 ), and from J-valve to AR (i.e., J-valve leakage ratio f 3 ). It can be found that the AR is the critical component associated with each leakage route. Hence, it is very meaningful to understand the influence mechanism of the AR coupling on the gas leakages in order to discover feasible solutions.
After a series of tests, the gas leakages were also found to be determined by the pressure gradients of the AR, which integrated the effects of the pressures of the two reactors and the J-valve, and the solid-seal heights of the upper and lower diplegs. Figure 8 shows the variations of the FR leakage ratio f 1 and the AR leakage ratio f 2 with the upper pressure gradient ∆P 1 /H 1 under a high solid flux condition (G s = 200 kg/m 2 ·s). It can be seen that the FR leakage ratio f 1 could be effectively reduced with an increase in the upper pressure gradient ∆P 1 /H 1 . When ∆P 1 /H 1 exceeded 0.7 kPa/m, the value of f 1 would decline to about zero, indicating the gas leakage from the FR to the AR had almost disappeared. However, we also observed a contrary trend of the AR leakage ratio f 2 with the upper pressure gradient ∆P 1 /H 1 . First, f 2 was kept near zero when ∆P 1 /H 1 increased from −2.2 to 1.6 kPa/m, indicating the upper dipleg could seal the AR gas stream perfectly within this range of ∆P 1 /H 1 . When ∆P 1 /H 1 exceeded 1.6 kPa/m, f 2 would rise rapidly, indicating the material seal in the upper dipleg began to gradually lose its effectiveness.
In the commercial application, if the FR leakage ratio f 1 is excessive, the CO 2 capture efficiency will be greatly reduced. Moreover, more unreacted char will be carried by the leaked gas of the FR into the AR for combustion, which will increase the risk of OC sintering, and further influence the operation stability of the whole system. On the other hand, if the AR leakage ratio f 2 becomes too large, a large amount of N 2 from the AR will bypass into the separator and mix with the FR exhaust gas, resulting in a substantial decrease in the CO 2 concentration. Worse still, the gas leakage may also impede the downward flow of the solid in the upper dipleg and break the system circulation stability, as mentioned in Section 3.2. Therefore, both the FR leakage ratio f 1 and the AR leakage ratio f 2 must be limited to lower values. However, in view of the opposite effects of the upper pressure gradient ∆P 1 /H 1 on f 1 and f 2 , a coordination control and optimized matching is inevitable. Under the involved operation conditions, the range of ∆P 1 /H 1 between −2.1 to 3.0 kPa/m should be an optimal region for adjustment, in which the values of f 1 and f 2 could be limited to 3%, together with a favorable solid circulation. On the other hand, the lower pressure gradient ∆P 2 /H 2 could be used to reflect the gas leakage ratio of the J-valve to the AR. Figure 9 presents the variations of the J-valve leakage ratio f 3 with the lower pressure gradient ∆P 2 /H 2 . When the lower pressure gradient ∆P 2 /H 2 increased from 2.3 to 6.9 kPa/m, the J-valve leakage ratio f 3 had an obvious increase from 6.0% to 21.3% with a near-linear trend. This indicated a negative effect of the lower pressure gradient on the suppression of the gas leakage from the J-valve to the AR. In the iG-CLC application, a small amount of gas leakage from the J-valve to the AR will rarely affect the circulation stability of the system, and hence can be accepted. However, an excess gas leakage will cause the aeration gas stream of the J-valve to no longer contribute to the solid circulation, but impede the downward flow of the particles. Worse yet, the excess gas leakage will lower the air inflow to the AR, and hence reduce the thermal power of the proposed iG-CLC system. Therefore, under the involved operation conditions, the lower pressure gradient ∆P 2 /H 2 should be limited within 6.0 kPa/m, and thus the J-valve leakage ratio f 3 could also be controlled within a low value (20%) with a favorable solid circulation. On the other hand, the lower pressure gradient ΔP2/H2 could be used to reflect the gas leakage ratio of the J-valve to the AR. Figure 9 presents the variations of the J-valve leakage ratio f3 with the lower pressure gradient ΔP2/H2. When the lower pressure gradient ΔP2/H2 increased from 2.3 to 6.9 kPa/m, the J-valve leakage ratio f3 had an obvious increase from 6.0% to 21.3% with a near-linear trend. This indicated a negative effect of the lower pressure gradient on the suppression of the gas leakage from the J-valve to the AR. In the iG-CLC application, a small amount of gas leakage from the J-valve to the AR will rarely affect the circulation stability of the system, and hence can be accepted. However, an excess gas leakage will cause the aeration gas stream of the J-valve to no longer contribute to the solid circulation, but impede the downward flow of the particles. Worse yet, the excess gas leakage will lower the air inflow to the AR, and hence reduce the thermal power of the proposed iG-CLC system. Therefore, under the involved operation conditions, the lower pressure gradient ΔP2/H2 should be limited within 6.0 kPa/m, and thus the J-valve leakage ratio f3 could also be controlled within a low value (20%) with a favorable solid circulation. 
Performance Optimization of the AR Coupling
Based on the above analysis, the coupling of the AR has important effects, by virtue of the upper pressure gradient ΔP1/H1 and the lower pressure gradient ΔP2/H2, on the characteristics of gas leakages and even the solid circulation stability. In the practical operation process, we can adjust the relevant parameters (i.e., the pressures of the two reactors and the J-valve, and the solid-seal heights in the downcomer) flexibly and optimally to guarantee the pressure gradients within the optimal ranges for an ideal performance of operation and reaction.
In order to better exhibit the effect of the AR coupling, we carried out a comparison of gas leakages between the reference condition and an optimal condition, as shown in Table 3 . On the basis of the coupling criteria proposed in Section 3.3, the upper pressure gradient ΔP1/H1 and lower pressure gradient ΔP2/H2 in the optimal test were selected to be 3.5 kPa/m and 5.0 kPa/m, respectively. It could be found that for the reference condition, although achieving a balanced solid circulation in the whole system, an unsatisfactory gas leakage of the AR (i.e., f2) was observed, indicating considerable mixing of N2 from the AR into the FR exhaust gas stream, and hence an obvious reduction in the CO2 concentration. However, the good news is that, with an optimization of the pressure gradients, the iG-CLC unit, under the optimal condition, inhibited the gas leakages, together with a favorable solid circulation. This demonstrates the significance of the study of the AR coupling mechanism in the high-flux iG-CLC system for the achievement of high CO2 capture efficiency and CO2 capture concentration under a balanced system operation, which could provide vital information and experience for the design of future large-scale coal-fired CLC power plants. 
Based on the above analysis, the coupling of the AR has important effects, by virtue of the upper pressure gradient ∆P 1 /H 1 and the lower pressure gradient ∆P 2 /H 2 , on the characteristics of gas leakages and even the solid circulation stability. In the practical operation process, we can adjust the relevant parameters (i.e., the pressures of the two reactors and the J-valve, and the solid-seal heights in the downcomer) flexibly and optimally to guarantee the pressure gradients within the optimal ranges for an ideal performance of operation and reaction.
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Conclusions
On the basis of the previous feasibility studies of a high-flux iG-CLC system, this work further investigated the AR coupling effects on the system operation stability and gas leakages with a cold-state visualization device, enabling the design parameters and operating conditions. The following conclusions can be drawn from the present study:
(1) The iG-CLC system exhibited favorable pressure distribution characteristics and good adaptability of solid circulation flux, demonstrating the positive role of the direct coupling method of the AR in the stabilization and controllability of the whole system.
(2) With the increase of the upper pressure gradient of the AR, the OC circulation flux would increase initially and later decrease until the circulation collapsed, demonstrating the crucial effect of the AR coupling on the OC circulation flux and further the circulation stability. In the real iG-CLC applications, the upper pressure gradient of the AR should be limited within the stage of circulation strengthening in order to guarantee a balanced and adjustable OC circulation.
(3) The gas leakage ratios of the FR and the AR were determined by the upper pressure gradient of the AR, while the gas leakage ratio of the J-valve was determined by the lower pressure gradient. In the iG-CLC applications, we can adjust the pressures of the two reactors and the solid-seal heights in the downcomer flexibly and optimally to ensure the two pressure gradients within the optimal ranges for an ideal balance of all the gas leakages.
(4) By giving consideration to the AR coupling effects under various operation conditions comprehensively, one operating condition with 3.5 kPa/m for the upper pressure gradient and 5.0 kPa/m for the lower pressure gradient was recommended. Under this condition, the gas leakages between the two reactors could be limited to 3%, and the gas leakage of the J-valve could also be below 20% to guarantee the solid circulation. This demonstrates the significance of the study of the AR coupling mechanism in the high-flux iG-CLC system for the achievement of high CO 2 capture efficiency and CO 2 capture concentration under a balanced system operation.
